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Abstract: Cannabis sativa active compounds are extensively studied for their therapeutic effects,
beyond the well-known psychotropic activity. C. Sativa is used to treat different medical indications,
such as multiple sclerosis, spasticity, epilepsy, ulcerative colitis and pain. Simultaneously,
basic research is discovering new constituents of cannabis-derived compounds and their receptors
capable of neuroprotection and neuronal activity modulation. The function of the various
phytochemicals in different therapeutic processes is not fully understood, but their significant role
is starting to emerge and be appreciated. In this review, we will consider the structure-activity
relationship (SAR) of cannabinoid compounds able to bind to cannabinoid receptors and act as
therapeutic agents in neuronal diseases, e.g., Parkinson’s disease.
Keywords: Cannabis sativa; structure-activity relationship; phytocannabinoids; endocannabinoids;
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1. Introduction
The marijuana plant, Cannabis sativa L., produces hundreds of secondary metabolites. C. sativa
produces a diverse group of isoprenylated resorcinyl polyketides commonly named phytocannabinoids.
The ‘Lego-like’ building pathways of phytocannabinoids, via the non-enzymatic transformations
induced by heat, light, and atmospheric oxygen, result in different resorcinyl side-chain, or variation
in oligomerization degree of the isoprenyl end, creating alkyl- and a β-aralklyl chemotypes [1].
These include around 110 characteristic phytocannabinoids [2,3], the most studied of which are
dronabinol (∆9-tetrahydrocannabinol, THC) and cannabidiol (CBD). This plant has been known for
thousands of years for its effect on the human body [2,3]. The psychoactive effect of C. sativa, produced
by only one of its hundreds of constituents [4,5] presumably led to its cultivation more than 6000 years
ago [6–8]. Ancient C. sativa is believed to be used for various social and ritualistic purposes, and even
in palliative and medicinal applications [9–11].
Today, C. sativa is used medicinally to treat various medical indications. The integrated inventory
of these compounds and their biological macromolecular end-points highlight the opportunities
that phytocannabinoids offer to access desirable drug-like effects, beyond the one associated with
the narcotic target CB1 [1]. The main active compound with psychotropic effects produced by
the plant THCA, heated into the decarboxylate active THC [4], is probably the compound that
alleviates chronic neuropathic pain [12–14], nausea, headaches, and fatigue. However, other active
compounds of C. sativa may account for their additional medical activities in various tissues and
body parts, such as epilepsy [15], chemotherapy-induced nausea [16], anorexia [17], multiple sclerosis
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spasticity [18–21], fibromyalgia and rheumatoid arthritis [12–14], glaucoma intraocular pressures [22],
and asthma-associated dyspnea [23].
Besides phytocannabinoids, C. sativa produces more than 400 other phytochemicals including
terpenoids and terpenes, flavonoids, and hydrocarbons [24]. Although a complete and unified
inventory of phytocannabinoids has recently been published [1], there remains much to learn
about the activity of the different phytochemicals, their modes of action on human body and their
structure-activity relationships (SAR). In this review, we will focus on the SAR of natural and synthetic
compounds of C. sativa that may bind G-protein-coupled cannabinoid receptors and may be beneficial
in the treatment of neuronal diseases, e.g., Parkinson’s disease.
1.1. Cannabinoids Receptors and Endocannabinoids
Three types of G-protein-coupled cannabinoid receptors (GPCR) are known to-date—first, CB1,
cloned in 1990 and CB2, cloned in 1993 [25,26] were widely recognized and studied as cannabinoids
effective targets [27]. Much later, a third G-protein-coupled cannabinoid, receptor 55, was suggested as
CB3 [28,29]. The CB3 shares several cannabinoid ligands with the two previously recognized GPCRs,
but with only low homology to the classical cannabinoid receptors [30]. Its pathophysiology is still
vague and its functions in the central nervous system are not yet understood, although CB3 was shown
to be expressed in several brain areas [31].
Evidence also suggested that cannabinoids bind to and act via nuclear, peroxisome
proliferator-activated receptors (PPARs, with three subtypes α, β (δ) and γ) [32]. Cannabinoid
receptors are distributed in the human body, mainly in the central nervous system, but also in
other peripheral tissues including the spleen, the reproductive, urinary and gastrointestinal tracts,
the endocrine glands, the arteries and the heart [33]. The existence of additional cannabinoid receptor
subtypes in the endocannabinoid system was investigated [34–37]. Modulation of the endocannabinoid
system using C. sativa has promising therapeutic effects in the treatment of various disorders,
such as neurodegenerative diseases [38], epilepsy [39], cognitive deficits [40], and others. However,
producing cannabinoid-derived drugs to treat these disorders by regeneration or modification of the
endocannabinoid system is highly challenging and has yet to be achieved [41,42].
Endocannabinoids are produced in the body when needed, under stress, or in response
to synaptic activity [43]. The most studied endocannabinoids are the orthosteric anandamide
(AEA) and 2-AG [44,45]. They are considered to be dominant and are agonists for CB1 and CB2
receptors, with higher affinity to CB1 binding [46]. Further pharmacological characterization is still
needed to thoroughly understand the physiological roles of endocannabinoids and their modes of
action [42]. Nevertheless, pharmacological manipulation of endocannabinoid levels may provide new
opportunities to regulate the endocannabinoid system and treat the related disorders [47].
1.2. Phytocannabinoids
Originally, the term “cannabinoid” referred to a homogeneous class of monoterpenoids typical
of C. sativa L. More recently, the term “cannabinoids” has been extended to all those compounds
showing an affinity for the GPCR known as cannabinoid receptors, CB1 and CB2, independently
from their monoterpenoid skeleton (very little is known about GPR55, also named CB3, in this
respect). The endogenously produced analogues showing affinity for CB1 and CB2 are known as
endocannabinoids. To differentiate from this latter class of compounds, the term phytocannabinoids
has been introduced to emphasize the botanical origin of these cannabinoids. Among the known
plant-derived cannabinoids, the most abundant are tetrahydrocannabinols (THCs), cannabidiols
(CBDs), and cannabinols (CBNs), followed by cannabigerols (CBGs), cannabichromenes (CBCs) and
cannabinodiols (CBNDs, Figure 1) [48].
Classical phytocannabinoids are tricyclic terpenoid compounds bearing a benzopyran moiety
soluble in lipids and non-polar organic solvents. The phenolic compounds are soluble as phenolate
salts form under basic conditions. In the plant, the carboxylated form of the cannabinoids is more
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abundant, named “acid” and indicated as THCA, CBDA, CBGA and similar. The psychoactive
compounds are the decarboxylated form of the varieties, i.e., THC, etc. There are some variations in
the length of the C-3 side chain, pentyl being the most common but n-propyl derivatives are also well
known. The n-propylated analogues with their shorter chain are named using the suffix “varin” and
indicated as THCV, CBDV and similar [49].
As mentioned above, phytocannabinoids are classified, based on the resorcinol side-chain, into
two main classes: (a) alkyl and (b) β-aralkyl (Table 1). As the β-aralkyl side chain derives from an
aromatic starter, its residue replaces the alkyl group of the parent compounds. Subclasses of these
two main classes are further identified based on the nature of the side-chain and on the presence of
O-bridges with a resorcinol core [1].
1.2.1. Cannabigerol (CBG) Compounds
Compounds belonging to this class do not show psychotrophic activity and are characterized by
the presence of a linear non-oxygenated isoprenyl residue. Apart from the decarboxylated compounds
CBG and CBGV (Figure 1) and their carboxylic parent forms (R2 = COOH, CBGA), all other CBGA
related compounds are minor constituents in cannabis production. They show low affinity for CB1,
even though prenylogation increases affinity for CB2. In addition, a quinone derivative of CBG
possibly binds at the PPARγ receptor [50]. Indeed, as typical of CBG belonging to the β-aralkyl class,
amorfructin B (5, Figure 1) [51,52] has been demonstrated to be a powerful ligand of PPARγ [53].
From the basic formula of CBG, the plant further converts and produces other cannabinoids,
mainly CBC, CBD or THC, depending on the enzymes active in the process. Degradation of these
compounds occurs spontaneously in the plant and results in CBN, among others. Here, we explore the
biosynthesis pathway of these major cannabinoids.
1.2.2. Cannabichromene (CBC) Compounds
In this type of phytocannabinoid, the isoprenyl side chain is oxidatively fused to the resorcinol
ring. The occurrence of CBC in many strains of C. sativa is often associated with ∆9-THC, suggesting a
common biosynthetic path from the common precursor CBG. Natural CBC is racemic, shows a blue
fluorescence under UV light, and does not exhibit any affinity for CB1 receptors [54].
1.2.3. Cannabidiol (CBD) Compounds
The non-narcotic CBD is the major phytocannabinoid component in fiber hemp. The oxidase
involved in the formation of the non-narcotic CBD from CBG are not related to those involved in the
formation of CBC and THC. The independence of the biosynthetic pathways leading to CBD and to
∆8-THC and ∆9-THC, as well as the observation that the two compounds are not interconverted in
cannabis tissues [55] increases the possibility of separating the narcotic effects from the therapeutic ones.
The elucidation of the absolute configuration was made based on the correlation with natural (-)
menthol. For the compounds of the same class of the β-aralkyl series, only a few compounds have
been isolated with absolute and/or relative configurations different from those isolated from cannabis.
Machaeridiol A, B, C (8, Figure 1), used as antimalaric agents, are representatives of this class [56].
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Figure 1. Structure of narcotic phytocannabinoids Δ8-THC, Δ9-THC, CBN with high affinity for 
ligands CB1 and CB2 and of non-narcotic phytocannabinoids CBG and CBD. Numbering system and 
binding affinities are reported. 
Table 1. Phytocannabinoids classification based on the nature of the resorcinyl side-chain.1 
 Alkyl βAralkyl 
Cannabigerol (CBG) 
  
Figure 1. Structure of narcotic phytocannabinoids ∆8-THC, ∆9-THC, CBN with high affinity for ligands
CB1 and CB2 and of non-narcotic phytocannabinoids CBG and CBD. Numbering system and binding
affinities are reported.
Table 1. Phytocannabinoids classification based on the nature of the resorcinyl side-chain.1
Alkyl βAralkyl
Cannabigerol (CBG)
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These are minor constituents of cannabis extracts, occurring in only part of C. sativa sub-species. 
CBT (10, Figure 1) was the first to be recognized and isolated [59] and only a decade later its chemical 
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is also a mammalian metabolite of CBD [61]. 
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2. Discussion
2.1. Structure-Activity Relationship (SAR) of Cannabis-Derived Compounds for the Cannabinoid Receptors
The main goal in the study of the structure-activity relationship (SAR) of cannabis-derived
compounds for the cannabinoid receptors is understanding the receptor binding sites. Currently,
only the crystal structure of the human cannabinoid receptor CB1 has been fully achieved [63].
Deciphering the SAR of phytocannabinoids may help further understand the pharmacology and
medicinal chemistry of the cannabinoid receptors in order to develop targeted remedies [64]. Moreover,
understanding the SAR mechanisms of cannabinoids with their receptors may help the clinical
research find new substances with therapeutic effects [65] and with minimized side-effects on
cognitive functions.
Over the past 60 years, considerable research in medicinal chemistry has been carried out towards
the SAR development of the natural classical cannabinoids; only in 1986 did the research group of R. K.
Razdan analyze the SAR of about 300 cannabinoid analogues based on their activity in different animal
models [66]. After the identification of ∆9-THC in 1964 [67], several chemical modifications of the side
chain and/or the tricyclic scaffold led to the characterization of families of potent selective ligands
that could be involved in the activation of the main cannabinoid receptor. It has been shown that
the n-pentyl chain at the C-(3) position (Figure 1), incorporated during the biosynthesis of olivetolic
acid [49], represents the key pharmacophoric group of THC [68,69] and modification in this side chain
leads to critical changes in the affinity, selectivity and pharmaco-potency of these ligands relating to
the cannabinoid receptors (Figure 2).
In general, a shorter chained alkyl group reduces the potency of the compound to interact with
the receptor. In THC, for example, a propyl group at C-(3) creates THCV (tetrahydrocannabivarine),
which shows a 75% reduction in the potency to CB1 [66]. An increase in the number of carbon atoms
(hexyl, heptyl, or octyl) leads to a respective increase in affinity and potency to interact with the
cannabinoid receptors [70,71]. The length of the C-(3)-side chain of THC directly corresponds with
CB1 and CB2 binding affinities, as an increase in chain length leads to an increase in binding affinity
with the cannabinoid receptors [70]. Based on these ideas, various analogues of different carbon chains
and rings, with or without heteroatom incorporation, may suggest the prediction of a SAR profile for a
given structure, such as the THC scaffold. Besides the well-established study of the candidate target
of SAR modulation based on the alkyl side chain, a number of other transformations in the tricyclic
core of the cannabinoid structure have been carried out [72]. The cannabinoid compounds resulting
from the pyran ring-opening reaction belong to the cannabidiol (CBD) derivatives, which demonstrate
relatively low affinity to the CB1/CB2 cannabinoid receptors along with low psycho-activity [73].
Early SAR studies showed that the pyran ring in the cannabinoidic structure was not a requirement for
cannabinergic activity in animal assays. However, several cannabidiol derivatives with high affinities
for CB1 and CB2 receptors have been synthesized and thoroughly investigated [58]. Another possible
structure modification on the THC scaffold is the C-(1) phenol group (Figure 1). THC analogues
that lack the phenolic hydroxyl group altogether, or even those exhibiting minor modifications to
their phenolic group, may demonstrate drastic changes in their pharmacological abilities. It was
recognized that CBD derivatives that experienced etherification or elimination of the phenol group
displayed significant selectivity for CB2. The C-(11) methyl group is another major pharmacophore
where minor structural changes can significantly modulate receptor binding (Figure 2). Substitutions
at this position do not confer selectivity when compared to analogues modified at the C-(1) phenol;
however, the binding affinity may be greatly enhanced by this modification.
∆9-THC is an agonist for both CB1 and CB2 receptors. Its analgesic properties [74] were often
overlooked due to its psychotropic side effects resulting from its activation of the CB1 receptor.
This has limited the clinical application of the cannabinoid dual agonists, despite the multiple potential
benefits for the treatment of neurodegenerative diseases, among others [75]. Therefore, the potential of
synthesized cannabinoid analogues that may exploit the therapeutic effects of cannabinoids without
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evoking the non-desired psychotropic properties is highly desired and extensive research in this
direction is underway.
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2.2. SAR of Cannabinoids and T eir Re eptors in Treating Neuronal Dise ses
A possible prospect would be to study the SAR mechanism of synthesized cannabinoids, which do
not evoke the non- esired side effects of phytocannabinoids. This may be achieved by the use of
cannabinoids that would target the CB2 rece tor only, as its activation does not lead to psychotropic
side effects and makes it the ideal target for the treatment of several neurodegenerative diseases
including Parkinson’s disease (PD) [76]. PD is a chronic disorder involving progressive degradation
of the neuronal system and is the second most common neurodegenerative disease worldwide.
No therapies are currently available to cure PD. The symptomatic therapies available today only
improve patient quality of life [77]. In PD, dopamine neurons of the substantia nigra (i.e., “black matter”)
of the brain degenerate leading to severe denervation of th striatum that affect motor activity.
This irreversible damage leads to the typical motor symptoms observed in patients suffering from PD,
including bradykinesia, rest tremor, and rigidity [77].
The cerebrospinal fluid of untreated PD patients was found to contain high levels of
endocannabinoids [78]. Administering inhibitors of endocannabinoid degradation together with
a D2 dopamine receptor subtype agonist reduced Parkinsonian motor deficits in in vivo models [79].
Furthermore, an increase in CB1 recepto s was found in the nigro-striatal lesion of PD patients,
and in models of nonhum n primates [80]. Several cli ical studies and animal models suggest that
antagonists to the CB1 receptor could have value in the treatment of levodopa-induced dyskinesia and
PD symptoms, whereas agonists to CB1 receptor could prove useful in reducing levodopa-induced
dyskinesia [81]. In addition, a quinone derivative of CBG has recently been shown to have
neuroprotective activity against inflamm tion-driven neuronal damage in an in vivo model of PD
by the possible involvement of different binding si es at the PPARγ receptor [50]. In eed, it was
demonstrated in a randomized, double-blind, placebo-controlled, crossover clinical trial that the
nabilone, a cannabinoid receptor agonist, significantly reduces levodopa-induced dyskinesia in PD
patients [82].
However, the CB2 receptor may also be important in PD treatment. CB2 was shown to be
upregulated in glial elements in postmortem tissues of PD patients. Moreover, selective activation
of CB2 receptors reduced pro-inflammatory mediators, confirming an inflammatory model and
suggesting that CB2 may have an anti-inflammatory function in this disease [83].
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Oral administration of C. sativa extract to stimulate CB1 receptor activity was reported to cause
no improvement in PD symptoms [84], suggesting that cannabinoid activity may have to be verified,
which may be accomplished in two ways. One would be to use a combination of compounds from
C. sativa to improve activity. Note that the combination of cannabis-derived compounds is suspected
to have a synergic effect [85]. Another option would be to synthesize cannabinoid analogues that
may better bind cannabinoid receptors, preferably the CB2. Indeed, we acknowledge several efforts
that have been made in the design of CB2 selective derivatives [86] and in the understanding of their
structure-activity and structure−affinity relationships [87].
In this context, scientific research is focused on the development of molecular entities with high
affinity for the cannabinoid receptor CB2. In recent years, a large number of CB2-selective synthetic
compounds aimed at the treatment of neurodegenerative diseases have been developed around a wide
variety of (hetero)aromatic scaffolds. A detailed literature survey about the development of synthetic
CB2 ligands was recently extensively reviewed [88]. CB2 selective derivatives have been developed
starting from mono- or bicyclic scaffolds bearing heteroatoms, bulky aliphatic or aromatic carboxamide
groups, and either alkyl, aryl or arylalkyl substituents. Studies focused on the research of the molecular
unit responsible for the affinity, the selectivity towards CB2 and the activity profile led to the design of
a novel CB2 ligand for the treatment and early diagnosis of the neurodegenerative diseases.
2.3. SAR and Activity Profiles of Several CB2 Selective Derivatives
Several (hetero)aromatic carboxamide derivatives have been analyzed in terms of their SAR and
activity profiles, including oxoquinoline; naphthyridinone; quinolinedione; alkyloxycoumarin; indole;
indazole; imidazopyridine; imidazopyrazine; benzimidazole; purine; triazine; pyridinone; biphenyl;
and proline (Figure 3).
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2.3.1. Oxoquinoline
Several substituents on the 4-oxoquinoline structure have been investigated [89–92]. High CB
receptor affinities may be attributed mainly to the alkyl linear chains at C-(1) position with the n-pentyl
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group leading to the highest relative affinity to CB2. Bulky and lipophilic saturated-chain substituents
of the 3-carboxamide functional group lead to high dual affinities. The highest affinity and selectivity
for the CB2 receptor is achieved with an adamantyl ring. Substitution in the 6-position with aryl, alkyl,
alkenyl, or alkynyl groups also lead to high selectivity for the CB2 receptor subtype [92].
2.3.2. Naphthyridinone
1,8-Naphthyridin-2(1H)-ones display high affinity for the CB2 receptor, which is strongly
influenced by the N-(1) substituent, while the presence or the absence of an aryl substituent on
the C-(6) confers a different activity profile [93–95].
2.3.3. Coumarin
A series of coumarin derivatives have been designed on the basis of a Comparative Molecular
Field Analysis (CoMFA) model and developed by Han et al. [96]. The best CB2R agonist activity
(EC50(CB2) = 0.144 µM, CB1/CB2 selectivity ratio = 69.4) was found for 8-butyloxy substituted
compounds on R1. The incorporation of the 3-carboxamide N-atom in a piperidine ring decreased
agonist potency, indicating that the presence of a tertiary amide function leads to the loss of
agonist activity.
2.3.4. Indole and Indazole
SAR studies on indole derivatives revealed that among the N-indole carboxamide drugs the
valinate and tert-leucinate methyl esters behave as potent agonists at CB1 and CB2 receptors. Recently,
Longworth et al. [97] studied a series of 1-alkyl and 2-alkyl indazoles derivatives, where 1-alkyl
isomers showed high CB1 agonist activity with nanomolar potencies (2.1−7.8 nM), where CB2
activity was less potent than CB1 activity. The 2-alkyl isomers displayed low potency towards both
cannabinoid receptors.
2.3.5. Imidazopyridine and Imidazopyrazine
These two series were tested towards both cannabinoid receptors and for their binding ability
to plasma proteins. Imidazopyridines showed a higher agonist profile for the CB2 receptor than
imidazopyrazine derivatives; moreover, the introduction of polar substituents in R2 increased
the plasma protein binding ability. Overall, their potency for the CB2 receptor is modulated by
modifications on the amide (R1) and amino (R2) functionalities [98].
2.3.6. Benzimidazole
SAR studies on 2-arylmethyl or 2-aliphatic benzimidazole amides were performed [99].
Compounds bearing R1 = ethyl are more potent and more selective toward the CB2 receptor than
N-unsubstituted derivatives. The derivative bearing a 2-chlorobenzyl substituent as R2 was the most
potent compound toward the CB2 receptor, showing a 100-fold selectivity over the CB1 receptor.
All the substitutions on the aryl in R2 led to an overall decrease of potency for the CB2 receptor and to
the loss of CB1 receptor activity.
2.3.7. Purine
Purinic ligands are potent CB2 agonists and show an excellent selectivity toward the CB1 receptor
with good pharmacodynamic and pharmacokinetic profiles and water solubility [100].
2.3.8. Triazine
Trisubstituted 1,3,5-triazines were identified as potent CB2 agonists by 3D ligand-based virtual
screening. Several CB1 receptor antagonists or inverse agonists and CB2 agonists were developed,
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and the most potent derivatives of the series were identified in N-(adamantan-1-yl) substituted
compounds with EC50 values up to 0.60 nM [101].
2.3.9. Proline
Several proline derivatives were identified by a computer assisted drug design (CADD) approach
based on a well-known series of CB2 receptor ligands by Hickey and co-workers [102]. Several
(S)-isomers showed full CB2 agonist activities with high potencies (picomolar range) and a CB2/CB1
selectivity ratio higher than 750, while the corresponding (R)-isomers displayed a partial agonist
profile with lower potencies toward the CB2 receptor. Several proline derivatives bearing different R1
and R2 substituents were also developed: hydroxyproline derivatives showed high CB2 potency and
selectivity as well as the highly water-soluble δ-oxoproline derivatives; the latter demonstrated high
metabolic stability.
2.3.10. Pyridinone
Developed derivatives of 2-pyridinone showed high CB2 selectivity and affinity when
N-substituted on the carboxamide with a large cycloalkyl ring, while substituent on the C-(5) was
found pivotal for the activity profile [103].
2.3.11. Biphenyl
SAR studies carried out on biphenylic carboxamides showed once more that a large cycloalkyl
ring (cycloheptyl) on the carboxamide function improves affinity and selectivity for the CB2 receptor,
while substituents in C-(5) and C-(4′) are mainly responsible for the activity profile [104,105].
In summary, oxoquinoline (Figure 4a), 1,8-naphthyridin-2(1H)-one (Figure 4b), 2-pyridinone
(Figure 4c), and biphenyl (Figure 4d) scaffolds have shown the highest affinity toward a CB2 receptor
subunit. An analysis of the common structural features of these compound classes reveals that high
selectivity toward the CB2 receptor requires the presence of a carbonyl group and a carboxamide
function linked to a cycloalkyl ring. Moreover, functionalization of the C-1 position and the presence
of a nitrogen atom in the cycloalkyl ring improve the affinity, while the presence of a bicyclic ring is
not mandatory to achieve good selectivity to CB2. Moreover, minor modifications of the cannabinoid
structures has a dramatic effect on the pharmacological behavior of these compounds, switching the
profile from being an agonist to inverse agonist or antagonist activity [88].
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3. Conclusions
Studies of the mechanisms controlling neurodegenerative diseases, together with systematic
observations of the cannabis treatments given to patients with neurodegenerative diseases, led to the
recognition of the beneficial effect of cannabinoids on these illnesses. However, the very complicated
assemblage of secondary metabolites in C. sativa extracts, together with the non-desired psycho-reaction
accompanying cannabis use, led to the appreciation of the importance of the structure-activity
relationship. SAR studies are essential to synthesize an appropriate cannabinoid with high therapeutic
availability and low psycho-activity. The potency of CBD was marked as it has relatively low
psychoactivity due to its low affinity to the CB1 receptor. In this paper, we show that different
minor manipulations of the CBD structure may increase its affinity and binding ability to CB2. We also
show that CB2 activation is involved in neurodegenerative conditions, such as PD, and thus activation
of the CB2 receptor may be developed as a treatment for PD patients. The study of the SAR mechanisms
between cannabinoids and their receptors, as well as the design of targeted cannabinoids-like
compounds with higher SAR abilities, along with the understanding of CB2 enhanced reception
role, put SAR studies at the cutting-edge in C. sativa studies and should be further investigated and
clinically tested.
Author Contributions: Conceptualization, H.K. and C.P.; Writing-Original Draft Preparation, H.K., C.P., D.N.
and M.B.
Funding: This research was funded by MIUR (Italian Ministry for University and Research) and Fondazione CRT,
C.P. Article processing charge was sponsored by MDPI.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Hanûs, L.O.; Meyer, S.M.; Munoz, E.; Taglialatela-Scafati, O.; Appendino, G. Phytocannabinoids: A unified
critical inventory. Nat. Prod. Rep. 2016, 33, 1357–1392. [CrossRef] [PubMed]
2. Mechoulam, R.; Gaoni, Y. Hashish—IV: The isolation and structure of cannabinolic cannabidiolic and
cannabigerolic acids. Tetrahedron 1965, 21, 1223–1229. [CrossRef]
Molecules 2018, 23, 1526 12 of 17
3. Aizpurua-Olaizola, O.; Soydaner, U.; Öztürk, E.; Schibano, D.; Simsir, Y.; Navarro, P.; Etxebarria, N.;
Usobiaga, A. Evolution of the cannabinoid and terpene content during the growth of cannabis sativa plants
from different chemotypes. J. Nat. Prod. 2016, 79, 324–331. [CrossRef] [PubMed]
4. Grotenhermen, F. Review of therapeutic effects. In Cannabis and Cannabinoids. Pharmacology, Toxicology,
and Therapeutic Potential; Haworth Press: Binghamton, NY, USA, 2002; pp. 123–142.
5. Carlini, E. The good and the bad effects of (−) trans-delta-9-tetrahydrocannabinol (δ9-THC) on humans.
Toxicon 2004, 44, 461–467. [CrossRef] [PubMed]
6. Zlas, J.; Stark, H.; Seligman, J.; Levy, R.; Werker, E.; Breuer, A.; Mechoulam, R. Early medical use of cannabis.
Nature 1993, 363, 215. [CrossRef] [PubMed]
7. Merrillees, R.S. Opium trade in the bronze age levant. Antiquity 1962, 36, 287–292. [CrossRef]
8. Merlin, M.D. Cover article: Archaeological evidence for the tradition of psychoactive plant use in the old
world. Econ. Bot. 2003, 57, 295–323. [CrossRef]
9. Namdar, D.; Amrani, A.; Kletter, R. Chapter 17: Scopolin in iron age juglets from the philistine repository
pit of yavneh. In Orbis Biblicus et Orientalis; Kletter, A.R., Ziffer, I., Yavneh, W.Z., II., Eds.; Academic Press:
Fribourg, Switzerland, 2015; pp. 214–223.
10. Gadot, Y.; Finkelstein, I.; Iserlis, M.; Maeir, A.M.; Nahshoni, P.; Namdar, D. Tracking down cult: Production,
function and content of chalices in iron age philistia. Tel Aviv 2014, 41, 55–76. [CrossRef]
11. Pennacchio, M.; Jefferson, L.; Havens, K. Uses and Abuses of Plant-Derived Smoke: Its Ethnobotany as
Hallucinogen, Perfume, Incense, and Medicine; Oxford University Press: Oxford, UK, 2010.
12. Lynch, M.E.; Campbell, F. Cannabinoids for treatment of chronic non-cancer pain; a systematic review of
randomized trials. Br. J. Clin. Pharmacol. 2011, 72, 735–744. [CrossRef] [PubMed]
13. Wilsey, B.; Marcotte, T.; Deutsch, R.; Gouaux, B.; Sakai, S.; Donaghe, H. Low-dose vaporized cannabis
significantly improves neuropathic pain. J. Pain 2013, 14, 136–148. [CrossRef] [PubMed]
14. Wilsey, B.; Marcotte, T.; Tsodikov, A.; Millman, J.; Bentley, H.; Gouaux, B.; Fishman, S. A randomized,
placebo-controlled, crossover trial of cannabis cigarettes in neuropathic pain. J. Pain 2008, 9, 506–521.
[CrossRef] [PubMed]
15. Porter, B.E.; Jacobson, C. Report of a parent survey of cannabidiol-enriched cannabis use in pediatric
treatment-resistant epilepsy. Epilepsy Behav. 2013, 29, 574–577. [CrossRef] [PubMed]
16. Slatkin, N.E. Cannabinoids in the treatment of chemotherapy-induced nausea and vomiting: Beyond
prevention of acute emesis. J. Support. Oncol. 2007, 5, 1–9. [PubMed]
17. Kogan, N.M.; Mechoulam, R. Cannabinoids in health and disease. Dialogues Clin. Neurosci. 2007, 9, 413–430.
[PubMed]
18. Corey-Bloom, J.; Wolfson, T.; Gamst, A.; Jin, S.; Marcotte, T.D.; Bentley, H.; Gouaux, B. Smoked cannabis
for spasticity in multiple sclerosis: A randomized, placebo-controlled trial. Can. Med. Assoc. J. 2012, 184,
1143–1150. [CrossRef] [PubMed]
19. Mestre, L.; Correa, F.; Docagne, F.; Clemente, D.; Ortega-Gutierrez, S.; Arevalo-Martin, A.;
Molina-Holgado, E.; Borrell, J.; Guaza, C. Cannabinoid system and neuroinflammation: Therapeutic
perspectives in multiple sclerosis. Rev. Neurol. 2006, 43, 541–548. [PubMed]
20. Rog, D.J.; Nurmikko, T.J.; Friede, T.; Young, C.A. Randomized, controlled trial of cannabis-based medicine in
central pain in multiple sclerosis. Neurology 2005, 65, 812–819. [CrossRef] [PubMed]
21. Wade, D.T.; Makela, P.; Robson, P.; House, H.; Bateman, C. Do cannabis-based medicinal extracts have general
or specific effects on symptoms in multiple sclerosis? A double-blind, randomized, placebo-controlled study
on 160 patients. Mult. Scler. J. 2004, 10, 434–441. [CrossRef] [PubMed]
22. Tomida, I.; Pertwee, R.G.; Azuara-Blanco, A. Cannabinoids and glaucoma. Br. J. Ophthalmol. 2004, 88,
708–713. [CrossRef] [PubMed]
23. Tashkin, D.P.; Shapiro, B.J.; Frank, I.M. Acute effects of smoked marijuana and oral δ9-tetrahydrocannabinol
on specific airway conductance in asthmatic subjects. Am. Rev. Respir. Dis. 1974, 109, 420–428. [PubMed]
24. Ahmed, S.A.; Ross, S.A.; Slade, D.; Radwan, M.M.; Khan, I.A.; ElSohly, M.A. Structure determination and
absolute configuration of cannabichromanone derivatives from high potency cannabis sativa. Tetrahedron Lett.
2008, 49, 6050–6053. [CrossRef] [PubMed]
25. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor
and functional expression of the cloned cdna. Nature 1990, 346, 561–564. [CrossRef] [PubMed]
Molecules 2018, 23, 1526 13 of 17
26. Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids.
Nature 1993, 365, 61–65. [CrossRef] [PubMed]
27. Sharir, H.; Abood, M.E. Pharmacological characterization of GPR55, a putative cannabinoid receptor.
Pharmacol. Ther. 2010, 126, 301–313. [CrossRef] [PubMed]
28. Johns, D.G.; Behm, D.J.; Walker, D.J.; Ao, Z.; Shapland, E.M.; Daniels, D.A.; Riddick, M.; Dowell, S.;
Staton, P.C.; Green, P.; et al. The novel endocannabinoid receptor GPR55 is activated by atypical cannabinoids
but does not mediate their vasodilator effects. Br. J. Pharmacol. 2007, 152, 825–831. [CrossRef] [PubMed]
29. Ryberg, E.; Larsson, N.; Sjögren, S.; Hjorth, S.; Hermansson, N.O.; Leonova, J.; Elebring, T.; Nilsson, K.;
Drmota, T.; Greasley, P. The orphan receptor GPR55 is a novel cannabinoid receptor. Br. J. Pharmacol. 2007,
152, 1092–1101. [CrossRef] [PubMed]
30. Yang, H.; Zhou, J.; Lehmann, C. GPR55—A putative “type 3” cannabinoid receptor in inflammation. J. Basic
Clin. Physiol. Pharmacol. 2016, 27, 297–302. [CrossRef] [PubMed]
31. Marichal-Cancino, B.A.; Fajardo-Valdez, A.; Ruiz-Contreras, A.E.; Mendez-Díaz, M.; Prospero-García, O.
Advances in the physiology of GPR55 in the central nervous system. Curr. Neuropharmacol. 2017, 15, 771–778.
[CrossRef] [PubMed]
32. O’sullivan, S. Cannabinoids go nuclear: Evidence for activation of peroxisome proliferator-activated
receptors. Br. J. Pharmacol. 2007, 152, 576–582. [CrossRef] [PubMed]
33. Grotenhermen, F. Pharmacology of cannabinoids. Neuro Endocrinol. Lett. 2004, 25, 14–23. [PubMed]
34. Breivogel, C.S.; Griffin, G.; Di Marzo, V.; Martin, B.R. Evidence for a new G protein-coupled cannabinoid
receptor in mouse brain. Mol. Pharmacol. 2001, 60, 155–163. [CrossRef] [PubMed]
35. Fride, E.; Foox, A.; Rosenberg, E.; Faigenboim, M.; Cohen, V.; Barda, L.; Blau, H.; Mechoulam, R. Milk
intake and survival in newborn cannabinoid CB1 receptor knockout mice: Evidence for a “CB3” receptor.
Eur. J. Pharmacol. 2003, 461, 27–34. [CrossRef]
36. Di Marzo, V.; Hill, M.P.; Bisogno, T.; Crossman, A.R.; Brotchie, J.M. Enhanced levels of endogenous
cannabinoids in the globus pallidus are associated with a reduction in movement in an animal model
of parkinson’s disease. FASEB J. 2000, 14, 1432–1438. [PubMed]
37. Wiley, J.L.; Martin, B.R. Cannabinoid pharmacology: Implications for additional cannabinoid receptor
subtypes. Chem. Phys. Lipids 2002, 121, 57–63. [CrossRef]
38. Scotter, E.L.; Abood, M.E.; Glass, M. The endocannabinoid system as a target for the treatment of
neurodegenerative disease. Br. J. Pharmacol. 2010, 160, 480–498. [CrossRef] [PubMed]
39. Fernández-Ruiz, J.; Moreno-Martet, M.; Rodríguez-Cueto, C.; Palomo-Garo, C.; Gómez-Cañas, M.;
Valdeolivas, S.; Guaza, C.; Romero, J.; Guzmán, M.; Mechoulam, R. Prospects for cannabinoid therapies in
basal ganglia disorders. Br. J. Pharmacol. 2011, 163, 1365–1378. [CrossRef] [PubMed]
40. Bilkei-Gorzo, A. The endocannabinoid system in normal and pathological brain ageing. Philos. Trans.
R. Soc. B 2012, 367, 3326–3341. [CrossRef] [PubMed]
41. Di Marzo, V. Targeting the endocannabinoid system: To enhance or reduce? Nat. Rev. Drug Discov. 2008, 7,
438–455. [CrossRef] [PubMed]
42. Kendall, D.A.; Yudowski, G.A. Cannabinoid receptors in the central nervous system: Their signaling and
roles in disease. Front. Cell. Neurosci. 2017, 10, 294. [CrossRef] [PubMed]
43. Heifets, B.D.; Castillo, P.E. Endocannabinoid signaling and long-term synaptic plasticity. Annu. Rev. Physiol.
2009, 71, 283–306. [CrossRef] [PubMed]
44. Mechoulam, R.; Shani, A.; Edery, H.; Grunfeld, Y. Chemical basis of hashish activity. Science 1970, 169,
611–612. [CrossRef] [PubMed]
45. Pertwee, R.G. Endocannabinoids and their pharmacological actions. In Endocannabinoids; Springer: Berlin,
Germany, 2015; pp. 1–37.
46. Pertwee, R.G.; Howlett, A.; Abood, M.E.; Alexander, S.; Di Marzo, V.; Elphick, M.; Greasley, P.; Hansen, H.S.;
Kunos, G.; Mackie, K. International union of basic and clinical pharmacology. Lxxix. Cannabinoid receptors
and their ligands: Beyond cb1 and cb2. Pharmacol. Rev. 2010, 62, 588–631. [CrossRef] [PubMed]
47. Fonseca, B.; Costa, M.; Almada, M.; Correia-da-Silva, G.; Teixeira, N. Endogenous cannabinoids revisited:
A biochemistry perspective. Prostaglandins Other Lipid Mediat. 2013, 102, 13–30. [CrossRef] [PubMed]
48. Palmer, S.L.; Khanolkar, A.D.; Makriyannis, A. Natural and synthetic endocannabinoids and their
structure-activity relationships. Curr. Pharm. Des. 2000, 6, 1381–1397. [CrossRef] [PubMed]
Molecules 2018, 23, 1526 14 of 17
49. Thakur, G.A.; Duclos, R.I., Jr.; Makriyannis, A. Natural cannabinoids: Templates for drug discovery. Life Sci.
2005, 78, 454–466. [CrossRef] [PubMed]
50. Garcia, C.; Gomez-Canas, M.; Burgaz, S.; Palomares, B.; Gomez-Galvez, Y.; Palomo-Garo, C.; Campo, S.;
Ferrer-Hernandez, J.; Pavicic, C.; Navarrete, C.; et al. Benefits of VCE-003.2, a cannabigerol quinone
derivative, against inflammation-driven neuronal deterioration in experimental parkinson’s disease: Possible
involvement of different binding sites at the ppar gamma receptor. J. Neuroinflamm. 2018, 15. [CrossRef]
[PubMed]
51. Fuhr, L.; Rousseau, M.; Plauth, A.; Schroeder, F.C.; Sauer, S. Amorfrutins are natural pparγ agonists with
potent anti-inflammatory properties. J. Nat. Prod. 2015, 78, 1160–1164. [CrossRef] [PubMed]
52. Sauer, S. Amorfrutins: A promising class of natural products that are beneficial to health. ChemBioChem 2014,
15, 1231–1238. [CrossRef] [PubMed]
53. Weidner, C.; de Groot, J.C.; Prasad, A.; Freiwald, A.; Quedenau, C.; Kliem, M.; Witzke, A.; Kodelja, V.;
Han, C.-T.; Giegold, S. Amorfrutins are potent antidiabetic dietary natural products. Proc. Natl. Acad. Sci. USA
2012, 109, 7257–7262. [CrossRef] [PubMed]
54. Izzo, A.A.; Borrelli, F.; Capasso, R.; Di Marzo, V.; Mechoulam, R. Non-psychotropic plant cannabinoids:
New therapeutic opportunities from an ancient herb. Trends Pharmacol. Sci. 2009, 30, 515–527. [CrossRef]
[PubMed]
55. Onofri, C.; de Meijer, E.P.M.; Mandolino, G. Sequence heterogeneity of cannabidiolic- and
tetrahydrocannabinolic acid-synthase in cannabis sativa l. And its relationship with chemical phenotype.
Phytochemistry 2015, 116, 57–68. [CrossRef] [PubMed]
56. Muhammad, I.; Li, X.C.; Jacob, M.R.; Tekwani, B.L.; Dunbar, D.C.; Ferreira, D. Antimicrobial and antiparasitic
(+)-trans-hexahydrodibenzopyrans and analogues from machaerium multiflorum. J. Nat. Prod. 2003, 66,
804–809. [CrossRef] [PubMed]
57. Nadal, X.; Del Rio, C.; Casano, S.; Palomares, B.; Ferreiro-Vera, C.; Navarrete, C.; Sanchez-Carnerero, C.;
Cantarero, I.; Bellido, M.L.; Meyer, S.; et al. Tetrahydrocannabinolic acid is a potent ppargamma agonist
with neuroprotective activity. Br. J. Pharmacol. 2017, 174, 4263–4276. [CrossRef] [PubMed]
58. Stern, E.; Lambert, D.M. Medicinal chemistry endeavors around the phytocannabinoids. Chem. Biodivers.
2007, 4, 1707–1728. [CrossRef] [PubMed]
59. Obata, Y.; Ishikawa, Y. Studies on the constituents of hemp plant (Cannabis sativa L.). Agric. Biol. Chem. 1966,
30, 619–620. [CrossRef]
60. Chan, W.; Magnus, K.; Watson, H. The structure of cannabitriol. Cell. Mol. Life Sci. 1976, 32, 283–284.
[CrossRef]
61. Kinghorn, A.D.; Falk, H.; Gibbons, S.; Kobayashi, J.I. Phytocannabinoids; Springer: Berlin, Germany, 2017.
62. Brenneisen, R. Chemistry and analysis of phytocannabinoids and other cannabis constituents. In Marijuana
and the Cannabinoids; Springer: Berlin, Germany, 2007; pp. 17–49.
63. Hua, T.; Vemuri, K.; Pu, M.; Qu, L.; Han, G.W.; Wu, Y.; Zhao, S.; Shui, W.; Li, S.; Korde, A.; et al. Crystal
structure of the human cannabinoid receptor CB1. Cell 2016, 167, 750–762. [CrossRef] [PubMed]
64. Nadine, J.; Cristina, F.-F.; Pilar, G. CB1 cannabinoid antagonists: Structure-activity relationships and potential
therapeutic applications. Curr. Top. Med. Chem. 2008, 8, 205–230.
65. Russo, E.B. Clinical endocannabinoid deficiency (CECD): Can this concept explain therapeutic benefits of
cannabis in migraine, fibromyalgia, irritable bowel syndrome and other treatment-resistant conditions?
Neuro Endocrinol. Lett. 2008, 29, 192–200. [PubMed]
66. Razdan, R.K. Structure-activity relationships in cannabinoids. Pharmacol. Rev. 1986, 38, 75. [PubMed]
67. Gaoni, Y.; Mechoulam, R. Isolation, structure, and partial synthesis of an active constituent of hashish. J. Am.
Chem. Soc. 1964, 86, 1646–1647. [CrossRef]
68. Howlett, A.C.; Barth, F.; Bonner, T.I.; Cabral, G.; Casellas, P.; Devane, W.A.; Felder, C.C.; Herkenham, M.;
Mackie, K.; Martin, B.R.; et al. International union of pharmacology. XXVII. Classification of cannabinoid
receptors. Pharmacol. Rev. 2002, 54, 161–202. [CrossRef] [PubMed]
69. Khanolkar, A.D.; Palmer, S.L.; Makriyannis, A. Molecular probes for the cannabinoid receptors.
Chem. Phys. Lipids 2000, 108, 37–52. [CrossRef]
70. Martin, B.R.; Jefferson, R.; Winckler, R.; Wiley, J.L.; Huffman, J.W.; Crocker, P.J.; Saha, B.; Razdan, R.K.
Manipulation of the tetrahydrocannabinol side chain delineates agonists, partial agonists, and antagonists.
J. Pharmacol. Exp. Ther. 1999, 290, 1065–1079. [PubMed]
Molecules 2018, 23, 1526 15 of 17
71. Andersson, D.A.; Gentry, C.; Alenmyr, L.; Killander, D.; Lewis, S.E.; Andersson, A.; Bucher, B.; Galzi, J.-L.;
Sterner, O.; Bevan, S. TRPA1 mediates spinal antinociception induced by acetaminophen and the cannabinoid
δ 9-tetrahydrocannabiorcol. Nat. Commun. 2011, 2, 551. [CrossRef] [PubMed]
72. Bow, E.W.; Rimoldi, J.M. The structure–function relationships of classical cannabinoids: CB1/CB2
modulation. Perspect. Med. Chem. 2016, 8, 17–39. [CrossRef] [PubMed]
73. Thomas, A.; Ross, R.A.; Saha, B.; Mahadevan, A.; Razdan, R.K.; Pertwee, R.G. 6”-azidohex-2”-
yne-cannabidiol: A potential neutral, competitive cannabinoid cb1 receptor antagonist. Eur. J. Pharmacol.
2004, 487, 213–221. [CrossRef] [PubMed]
74. Rahn, E.J.; Hohmann, A.G. Cannabinoids as pharmacotherapies for neuropathic pain: From the bench to the
bedside. Neurotherapeutics 2009, 6, 713–737. [CrossRef] [PubMed]
75. Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids:
∆9-tetrahydrocannabinol, cannabidiol and δ9-tetrahydrocannabivarin. Br. J. Pharmacol. 2009, 153, 199–215.
[CrossRef] [PubMed]
76. Hill, A.J.; Williams, C.M.; Whalley, B.J.; Stephens, G.J. Phytocannabinoids as novel therapeutic agents in CNS
disorders. Pharmacol. Ther. 2012, 133, 79–97. [CrossRef] [PubMed]
77. Connolly, B.S.; Lang, A.E. Pharmacological treatment of parkinson disease: A review. JAMA 2014, 311,
1670–1683. [CrossRef] [PubMed]
78. Pisani, A.; Fezza, F.; Galati, S.; Battista, N.; Napolitano, S.; Finazzi-Agrò, A.; Bernardi, G.; Brusa, L.;
Pierantozzi, M.; Stanzione, P. High endogenous cannabinoid levels in the cerebrospinal fluid of untreated
parkinson’s disease patients. Ann. Neurol. Off. J. Am. Neurol. Assoc. Child Neurol. Soc. 2005, 57, 777–779.
[CrossRef] [PubMed]
79. Kreitzer, A.C.; Malenka, R.C. Endocannabinoid-mediated rescue of striatal ltd and motor deficits in
parkinson’s disease models. Nature 2007, 445, 643–647. [CrossRef] [PubMed]
80. Lastres-Becker, I.; Cebeira, M.; Ceballos, M.D.; Zeng, B.Y.; Jenner, P.; Ramos, J.; Fernandez-Ruiz, J. Increased
cannabinoid cb1 receptor binding and activation of gtp-binding proteins in the basal ganglia of patients with
parkinson’s syndrome and of mptp-treated marmosets. Eur. J. Neurosci. 2001, 14, 1827–1832. [CrossRef]
[PubMed]
81. Brotchie, J.M. CB1 cannabinoid receptor signalling in parkinson’s disease. Curr. Opin. Pharm. 2003, 3, 54–61.
[CrossRef]
82. Sieradzan, K.; Fox, S.; Hill, M.; Dick, J.; Crossman, A.; Brotchie, J. Cannabinoids reduce levodopa-induced
dyskinesia in parkinson’s disease: A pilot study. Neurology 2001, 57, 2108–2111. [CrossRef] [PubMed]
83. Gómez-Gálvez, Y.; Palomo-Garo, C.; Fernández-Ruiz, J.; García, C. Potential of the cannabinoid CB2 receptor
as a pharmacological target against inflammation in parkinson’s disease. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2016, 64, 200–208. [CrossRef] [PubMed]
84. Carroll, C.; Bain, P.; Teare, L.; Liu, X.; Joint, C.; Wroath, C.; Parkin, S.; Fox, P.; Wright, D.; Hobart, J.
Cannabis for dyskinesia in parkinson disease a randomized double-blind crossover study. Neurology 2004,
63, 1245–1250. [CrossRef] [PubMed]
85. Russo, E.B. Taming THC: Potential cannabis synergy and phytocannabinoid-terpenoid entourage effects.
Br. J. Pharmacol. 2011, 163, 1344–1364. [CrossRef] [PubMed]
86. Marzo, V.D.; Petrocellis, L.D. Plant, synthetic, and endogenous cannabinoids in medicine. Annu. Rev. Med.
2006, 57, 553–574. [CrossRef] [PubMed]
87. Aghazadeh Tabrizi, M.; Baraldi, P.G.; Borea, P.A.; Varani, K. Medicinal chemistry, pharmacology, and
potential therapeutic benefits of cannabinoid CB2 receptor agonists. Chem. Rev. 2016, 116, 519–560. [CrossRef]
[PubMed]
88. Spinelli, F.; Capparelli, E.; Abate, C.; Colabufo, N.A.; Contino, M. Perspectives of cannabinoid type 2 receptor
(CB2R) ligands in neurodegenerative disorders: Structure–affinity relationship (SAfiR) and structure-activity
relationship (SAR) studies. J. Med. Chem. 2017, 60, 9913–9931. [CrossRef] [PubMed]
89. Mugnaini, C.; Nocerino, S.; Pedani, V.; Pasquini, S.; Tafi, A.; De Chiaro, M.; Bellucci, L.; Valoti, M.; Guida, F.;
Luongo, L.; et al. Investigations on the 4-quinolone-3-carboxylic acid motif part 5: Modulation of the
physicochemical profile of a set of potent and selective cannabinoid-2 receptor ligands through a bioisosteric
approach. Chemmedchem 2012, 7, 920–934. [CrossRef] [PubMed]
90. Pasquini, S.; Botta, L.; Scincraro, T.; Mugnaini, C.; Ligresti, A.; Palazzo, E.; Maione, S.; Di Marzo, V.; Corelli, F.
Investigations on the 4-quinolone-3-carboxylic acid motif. 2. Synthesis and structure-activity relationship of
Molecules 2018, 23, 1526 16 of 17
potent and selective cannabinoid-2 receptor agonists endowed with analgesic activity in vivo. J. Med. Chem.
2008, 51, 5075–5084. [CrossRef] [PubMed]
91. Pasquini, S.; De Rosa, M.; Ligresti, A.; Mugnaini, C.; Brizzi, A.; Caradonna, N.P.; Cascio, M.G.; Bolognini, D.;
Pertwee, R.G.; Di Marzo, V.; et al. Investigations on the 4-quinolone-3-carboxylic acid motif. 6. Synthesis and
pharmacological evaluation of 7-substituted quinolone-3-carboxamide derivatives as high affinity ligands
for cannabinoid receptors. Eur. J. Med. Chem. 2012, 58, 30–43. [CrossRef] [PubMed]
92. Pasquini, S.; De Rosa, M.; Pedani, V.; Mugnaini, C.; Guida, F.; Luongo, L.; De Chiaro, M.; Maione, S.;
Dragoni, S.; Frosini, M.; et al. Investigations on the 4-quinolone-3-carboxylic acid motif. 4. Identification of
new potent and selective ligands for the cannabinoid type 2 receptor with diverse substitution patterns and
antihyperalgesic effects in mice. J. Med. Chem. 2011, 54, 5444–5453. [CrossRef] [PubMed]
93. Manera, C.; Saccomanni, G.; Malfitano, A.M.; Bertini, S.; Castelli, F.; Laezza, C.; Ligresti, A.; Lucchesi, V.;
Tuccinardi, T.; Rizzolio, F.; et al. Rational design, synthesis and anti-proliferative properties of new CB2
selective cannabinoid receptor ligands: An investigation of the 1,8-naphthyridin-2(1H)-one scaffold. Eur. J.
Med. Chem. 2012, 52, 284–294. [CrossRef] [PubMed]
94. Lucchesi, V.; Hurst, D.P.; Shore, D.M.; Bertini, S.; Ehrmann, B.M.; Allarà, M.; Lawrence, L.; Ligresti, A.;
Minutolo, F.; Saccomanni, G.; et al. CB2-selective cannabinoid receptor ligands: Synthesis, pharmacological
evaluation, and molecular modeling investigation of 1,8-naphthyridin-2(1H)-one-3-carboxamides.
J. Med. Chem. 2014, 57, 8777–8791. [CrossRef] [PubMed]
95. Manera, C.; Malfitano, A.M.; Parkkari, T.; Lucchesi, V.; Carpi, S.; Fogli, S.; Bertini, S.; Laezza, C.; Ligresti, A.;
Saccomanni, G.; et al. New quinolone- and 1,8-naphthyridine-3-carboxamides as selective CB2 receptor
agonists with anticancer and immuno–modulatory activity. Eur. J. Med. Chem. 2015, 97, 10–18. [CrossRef]
[PubMed]
96. Han, S.; Zhang, F.-F.; Qian, H.-Y.; Chen, L.-L.; Pu, J.-B.; Xie, X.; Chen, J.-Z. Design, syntheses, structure-activity
relationships and docking studies of coumarin derivatives as novel selective ligands for the CB2 receptor.
Eur. J. Med. Chem. 2015, 93, 16–32. [CrossRef] [PubMed]
97. Longworth, M.; Banister, S.D.; Mack, J.B.C.; Glass, M.; Connor, M.; Kassiou, M. The 2-alkyl-2H-indazole
regioisomers of synthetic cannabinoids AB-CHMINACA, AB-FUBINACA, AB-PINACA, and 5F-AB-
PINACA are possible manufacturing impurities with cannabimimetic activities. Forensic Toxicol. 2016,
34, 286–303. [CrossRef] [PubMed]
98. Trotter, B.W.; Nanda, K.K.; Burgey, C.S.; Potteiger, C.M.; Deng, J.Z.; Green, A.I.; Hartnett, J.C.; Kett, N.R.;
Wu, Z.; Henze, D.A.; et al. Imidazopyridine CB2 agonists: Optimization of CB2/CB1 selectivity and
implications for in vivo analgesic efficacy. Bioorg. Med. Chem. Lett. 2011, 21, 2354–2358. [CrossRef] [PubMed]
99. Nanda, K.K.; Henze, D.A.; Della Penna, K.; Desai, R.; Leitl, M.; Lemaire, W.; White, R.B.; Yeh, S.;
Brouillette, J.N.; Hartman, G.D.; et al. Benzimidazole CB2 agonists: Design, synthesis and sar. Bioorg. Med.
Chem. Lett. 2014, 24, 1218–1221. [CrossRef] [PubMed]
100. Hollinshead, S.P.; Tidwell, M.W.; Palmer, J.; Guidetti, R.; Sanderson, A.; Johnson, M.P.; Chambers, M.G.;
Oskins, J.; Stratford, R.; Astles, P.C. Selective cannabinoid receptor type 2 (CB2) agonists: Optimization of a
series of purines leading to the identification of a clinical candidate for the treatment of osteoarthritic pain.
J. Med. Chem. 2013, 56, 5722–5733. [CrossRef] [PubMed]
101. Yrjölä, S.; Sarparanta, M.; Airaksinen, A.J.; Hytti, M.; Kauppinen, A.; Pasonen-Seppänen, S.; Adinolfi, B.;
Nieri, P.; Manera, C.; Keinänen, O.; et al. Synthesis, in vitro and in vivo evaluation of 1,3,5-triazines as
cannabinoid CB2 receptor agonists. Eur. J. Pharm. Sci. 2015, 67, 85–96. [CrossRef] [PubMed]
102. Riether, D.; Zindell, R.; Wu, L.; Betageri, R.; Jenkins, J.E.; Khor, S.; Berry, A.K.; Hickey, E.R.; Ermann, M.;
Albrecht, C.; et al. Selective CB2 receptor agonists. Part 2: Structure–activity relationship studies and
optimization of proline-based compounds. Bioorg. Med. Chem. Lett. 2015, 25, 581–586. [CrossRef] [PubMed]
103. Lucchesi, V.; Parkkari, T.; Savinainen, J.R.; Malfitano, A.M.; Allarà, M.; Bertini, S.; Castelli, F.; Del Carlo, S.;
Laezza, C.; Ligresti, A.; et al. 1,2-dihydro-2-oxopyridine-3-carboxamides: The C-5 substituent is responsible
for functionality switch at CB2 cannabinoid receptor. Eur. J. Med. Chem. 2014, 74, 524–532. [CrossRef]
[PubMed]
104. Bertini, S.; Chicca, A.; Arena, C.; Chicca, S.; Saccomanni, G.; Gertsch, J.; Manera, C.; Macchia, M. Synthesis
and pharmacological evaluation of new biphenylic derivatives as CB2 receptor ligands. Eur. J. Med. Chem.
2016, 116, 252–266. [CrossRef] [PubMed]
Molecules 2018, 23, 1526 17 of 17
105. Bertini, S.; Parkkari, T.; Savinainen, J.R.; Arena, C.; Saccomanni, G.; Saguto, S.; Ligresti, A.; Allarà, M.;
Bruno, A.; Marinelli, L.; et al. Synthesis, biological activity and molecular modeling of new biphenylic
carboxamides as potent and selective CB2 receptor ligands. Eur. J. Med. Chem. 2015, 90, 526–536. [CrossRef]
[PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
